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In this work we evaluate the
1S0 energy gap of Σ
−
hyperons in β-stable neutron star matter. We
solve the BCS gap equation for an eetive Σ
−
Σ
−
pairing interation derived from the most reent
parametrization of the hyperon-hyperon interation onstruted by the Nijmegen group. We nd
that the Σ
−
hyperons are in a
1S0 superuid state in the density region ∼ 0.27 − 0.7 fm
−3
, with a
maximum energy gap of order 8 MeV at a total baryon number density of ∼ 0.37 fm−3 and a Σ−
fration of about 8%. We examine the impliations on neutron star ooling.
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Sine the suggestion of Migdal [1℄, superuidity in
nulear matter has reeived a great deal of attention
over the last 40 years, partly due to its important
onsequenes for a number of neutron star phenom-
ena, suh as pulsar glithes [2, 3, 4, 5℄ and ooling
rates [5, 6, 7, 8, 9℄. Nevertheless, whereas the pres-
ene of superuid neutrons in the inner rust of neutron
stars, and superuid neutrons together with superon-
duting protons in their quantum uid interior is well
established and has been the subjet of many studies
[10, 11, 12, 13, 14, 15, 16, 17, 18, 19℄, a quantitative esti-
mation of the pairing of other baryon speies has not re-
eived so muh attention up to date. In partiular hyper-
ons, whih are expeted to appear in neutron star matter
at baryon number densities of order ∼ 2n0 (n0 = 0.17
fm
−3
), may also form superuids if their interations are
attrative enough. It has been suggested that some neu-
tron stars are ooled muh faster than expeted by a stan-
dard ooling mehanism (i.e., modied URCA proesses),
and that more rapid and eient mehanisms are needed
[7, 20, 21, 22, 23℄. Proesses of the type Y → B + l + ν¯l
(e.g., Λ→ p+ e− + ν¯e,Σ
−
→ Λ + e− + ν¯e, et) an pro-
vide some of suh rapid ooling mehanisms. Therefore,
the study of hyperon superuidity beomes of partiu-
lar interest sine it ould play a key role in them. The
ase of Λ superuidity has been investigated by Balberg
and Barnea [24℄ using parametrized eetive ΛΛ intera-
tions. Results for Λ and Σ− pairing using several bare
hyperon-hyperon interation models have been reently
presented by Takatsuka et al. [25, 26, 27℄. The results of
both groups indiate the presene of a Λ superuid for
baryon number densities in the range 2−4n0. The latter
authors suggest that both Λ and Σ− beome superuid
as soon as they appear in neutron star matter and that
the formation of a Σ− superuid may be more likely than
that of a Λ superuid.
Sine the hyperon fration (nY /nb) in neutron star
matter is not large (10%−30% at most depending on the
model), the Fermi momenta of hyperons are rather low
although they appear at high values of the total baryon
number densities. Therefore, the pairing interation re-
sponsible for hyperon superuidity, if it exists, should
be that due to the
1S0 wave whih is most attrative
at low momenta. In this work we evaluate the
1S0 gap
energies of Σ− hyperons in β-stable neutron star matter
by solving the well-known BCS gap equation for an ef-
fetive pairing interation derived from the most reent
parametrization of the free baryon-baryon potentials for
the omplete baryon otet as dened by Stoks and Rijken
[28℄. We employ the model NSC97e of this parametriza-
tion, sine this model, together with the model NSC97f,
results in the best preditions for hypernulear observ-
ables [29℄.
The ruial quantity in determining the onset of su-
peruidity is the energy gap funtion ∆k. The value of
this funtion at the Fermi surfae is proportional to the
ritial temperature of the superuid, and by determin-
ing it we therefore map out the region of the density
temperature plane where the superuid may exist. To
evaluate it we follow the sheme developed by Baldo et
al. [10℄. These authors introdued an eetive pairing
interation V˜k,k′ dened aording to
V˜k,k′ = Vk,k′ −
∑
k′′>kM
Vk,k′′
1
2Ek′′
V˜k′′,k′ , (1)
whih sums up all two-partile exitations above a uto
momentum kM > kF (kM = 2 fm
−1
in this work). Previ-
ous appliations of this method to the neutron and pro-
ton pairing [10, 16℄ have shown that it is stable with re-
spet to variations of kM , as we have also onrmed. The
quasipartile energy Ek is given by
√
(ε(k)− µ)2 +∆2k,
being ε(k) the single-partile energy in the medium for
the partile speies in question, µ the orresponding
hemial potential, and Vk,k′ the free baryon-baryon po-
tential in momentum spae, in our ase the bare Σ−Σ−
interation of the NSC97e baryon-baryon potential. We
note that the Σ−Σ− hannel is purely isospin 2 and there-
fore there is no oupling to other hyperon-hyperon han-
nels in Eq. (1). For the
1S0 hannel the gap funtion an
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FIG. 1: Composition of β-stable neutron star matter. Taken
from Ref. [30℄.
be determined by solving
∆k = −
∑
k′≤kM
V˜k,k′
∆k′
2Ek′
. (2)
Equations (1) and (2) are solved self-onsistently and
represent a totally equivalent formulation of the BCS gap
equation. With this proedure: (i) a well-behaved pair-
ing interation is obtained, sine the repulsive ore of the
bare interation is integrated out and (ii) double ount-
ing of two-partile orrelations is avoided. Exitations to
intermediate states above kM are inluded in V˜ , whereas
exitations to states below kM are inluded in the gap
equation (2). We note here that for k > kF the domi-
nant ontribution to the quasipartile energy Ek omes
from the term (ε(k)−µ)2. Therefore, we an neglet ∆k
in Eq. (1) for k > kM > kF . Thus Eq. (1) is deoupled
from Eq. (2), and we an solve the linear equation for
V˜k,k′ by the matrix inversion method before proeeding
to solve the gap equation by iteration (see Ref. [16℄ for
details).
The relevant Σ− fration (shown in Fig. 1), single-
partile energy and hemial potential neessary to eval-
uate Eqs. (1) and (2) are taken from the Bruekner
Hartree-Fok alulations desribed in Ref. [30℄, where
the NSC97e baryon-baryon interation was employed to
desribe the single-partile properties, the omposition
and Equation of State of β-stable neutron star matter,
and the neutron star struture. Therefore, to our knowl-
edge, the present work is the rst one whih employs
onsistently the same baryon-baryon interation model
to determine the single-partile properties, the omposi-
tion, the Equation of State, the neutron star struture
and the Σ− energy gap.
Figure 2 shows the energy gap ∆F of the Σ
−
hyper-
ons in β-stable neutron star matter at T = 0 with the
omposition shown in Fig. 1 as a funtion of the total
baryon number density. Although, as an be seen in Fig.
1, the Λ may appear at higher densities, the 1S0 ΛΛ
matrix elements of the Nijmegen interation (NSC97a-f)
are all weakly attrative, and therefore the energy gap
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FIG. 2: Density dependene of the Σ
−
energy gap ∆F in
β-stable neutron star matter at T = 0.
for Λ hyperons is expeted to be zero at all densities, i.e.,
these partiles will unlikely form a superuid within our
model. This is at variane with the results of Balberg and
Barnea [24℄. Nevertheless, as stated before, these authors
employed an eetive parametrized interation based on
a G-matrix alulation to drive the gap equation and
therefore overestimated, as pointed out by Takatsuka et
al. [25, 26, 27℄, the Λ energy gap mainly due to double
ounting eets. Our results for the Σ− are omparable
to those of Takatsuka et al. [26, 27℄ whih were obtained
with several OBE hyperon-hyperon potentials. As these
authors we nd that Σ− hyperons are in a 1S0 superuid
state as soon as they appear in matter and that the Σ−
superuid exists up to densities∼ 4n0 with a ritial tem-
perature Tc ∼ 10
10
K (see Fig. 4). We nd a maximum
energy gap of order 8MeV at a total baryon number den-
sity of ∼ 0.37 fm−3 and a Σ− fration of about 8%. This
gap is quite large in omparison with the neutron and
proton ones sine the ΣΣ (and in partiular the Σ−Σ−)
interation in the Nijmegen NSC97a-f models is strongly
attrative [28℄. We want to emphasize, however, that this
strong attration is questionable. Although these mod-
els reprodue ertain observables of Λ-hypernulei, their
preditions seem to be at odds with most of the sare
experimental data. The ΛΛ interation, as mentioned
before, is weak ompared to the values dedued experi-
mentally [31℄, and all types of hyperons are too strongly
bound in nulear matter [32℄. This is espeially suspet
in the ase of Σ−, sine phenomenology of Σ− atoms [33℄
and hypernulei [34℄ indiate a muh weaker, if not re-
pulsive, Σ nulear potential (see Ref. [35℄ for a detailed
disussion). Therefore, our results should be taken with
aution.
In Fig. 3 we show the temperature dependene of the
energy gap ∆F of Σ
−
for several values of the total
baryon number density and the orresponding β-stable
frations of the Σ−. The gap funtion at nite tempera-
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FIG. 3: Temperature dependene of the Σ
−
energy gap ∆F
in β-stable neutron star matter. The fration of Σ− hyperon,
nΣ−/nb, is indiated in eah urve. The orresponding weak-
oupling approximation (WCA) estimations for the ritial
temperatures are also indiated by the irle (nb = 0.3 fm
−3
),
square (nb = 0.4 fm
−3
), diamond (nb = 0.5 fm
−3
) and trian-
gle (nb = 0.6 fm
−3
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FIG. 4: Critial temperature of the
1S0 Σ
−
superuid as a
funtion of the Σ
−
number density. The internal temperature
of evolved normal neutron stars is around 10
8
K.
ture an be obtained by solving
∆k = −
∑
k′≤kM
V˜k,k′
∆k′
2Ek′
tanh
( Ek′
2kBT
)
, (3)
where kB is the Boltzmann's onstant. We use the same
approah as for the T = 0 ase. Here we ignore the tem-
perature dependene in V˜k,k′ sine for the temperature
range of interest, kBT ≈ 0 − 4 MeV, the quasipartile
energy EK for k > kM is at least of order 100 MeV, and
thus we an ignore thermal exitations to states above
kM . In addition we use a frozen approximation for the
single-partile energy, hemial potential and fration of
the Σ−, i.e., we use the orresponding quantities obtained
in the T = 0 ase, whih is a reasonable approximation
aording to Refs. [36, 37℄. Therefore, as in the T = 0
ase, we rst solve Eq. (1) and then, with the eetive
interation V˜k,k′ we solve Eq. (3). In Fig. 3 we also show
the ritial temperatures estimated from the well-known
weak-oupling approximation (WCA) [38℄
kBTc ≈ 0.57∆F (T = 0) , (4)
whih is a reasonable good approximation as an be seen
from the gure.
Finally, in Fig. 4 we show the region in the
temperatureΣ−-density plane where the Σ− hyperon is
expeted to be superuid. Sine the values of the ritial
temperature are all well above the typial internal tem-
perature of evolved normal neutron stars (Tint ∼ 10
8
K),
the Σ− is in a 1S0 superuid state for number densities
ranging from 2.3× 10−4 fm−3 up to ∼ 0.15 fm−3, whih
orresponds, aording to the omposition shown in Fig.
1, to a total baryon number density ranging from the Σ−
onset density (0.27 fm−3) to ∼ 0.7 fm−3 (see Fig. 2).
These results have impliations for neutron star ool-
ing. Sine at low densities Σ− is the only hyperon speies
that is present in our model, the most important on-
tribution to the neutrino ooling rate at suh densities
omes from the reation Σ− → n + e− + ν¯e. In our
model the threshold density for this reation to our
is at around 1.6n0. The diret ation of suh a rapid
ooling mehanism, however, leads to surfae tempera-
tures muh lower than that observed. Nevertheless, if the
Σ−'s are in a superuid state with energy gaps similar
to what we found here, a sizeable redution of the order
exp(−∆F /kBT ) may be expeted in the neutrino emis-
sivity of this proess. Suh a redution will suppress the
ooling rate and it will amount for neutron star surfae
temperatures more ompatible with observation. Nev-
ertheless, we should point out that this proess will be
also suppressed by the
3P2 neutron pairing. This pair-
ing exists pratially for all supernulear densities [39℄
and, although it is relatively small (∼ 0.1 MeV), it will
suppress this proess throughout almost the entire life of
the neutron star. We want to nish just mentioning that
hyperon superuidity may be also important for r-mode
stability alulations, sine it may modify the tempera-
ture and density dependene of hyperon bulk visosity
[40℄.
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